INTRODUCTION
Atherosclerosis is a fatal disease in which plaquesmostly made up of fat and cholesterol-builds up inside our blood vessels. The plaques formed this way may grow with time to such an extent that they can significantly obstruct our arteries. Under severe conditions, normal blood flow is severely halted causing heart attack and stroke.
1) And, the risk of fatality is increased when unstable plaques containing inflammatory macrophage are involved. Due to their fragile structure, such plaques are naturally vulnerable to rupture by the action of the shear stress.
2) To make things worse, their metabolic activity gives rise to the formation of hot spots on the surface of the plaque further increasing the likelihood of a rupture. 3) To reduce the risk of rupture, it is necessary to locate such hot spots before any attempt can be made to lower their temperature. Attempts to experimentally determine the location of such hot spots have failed due mainly to the difficulty of carrying out in vivo tests. 4) This is perhaps why numerical studies are taking a prominent role in locating such hot spots on the surface of macrophage plaques. [5] [6] [7] [8] One can notably mention the numerical results reported in Ref. 9 in which the combined effect of metabolic heating and convective cooling have been taken into account when computing the temperature distribution along the plaque. There are also numerical studies which highlight the importance of the plaque's composition and its geometrical parameters on the temperature distribution in stenosis arteries. 10, 11) As soon as the hot spots are identified on the surface of a plaque, one can then proceed with resorting to active and/or passive means to lower their temperature to within tolerable
range. An interesting idea is to rely on externally-imposed magnetic fields for this purpose. The idea of using magnetic fields for controlling flow kinematics and dynamics is nothing new and dates back to pioneering work of Hartmann in 1940's. 13) In the last two decades there have been several attempts to rely on this technique for treating cardiovascular diseases. [14] [15] [16] [17] [18] [19] [20] It is now well-established that externallyimposed magnetic fields are indeed effective in biomedical
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Applicability of a bi-directional magnetic field is investigated on lowering the temperature of hot spots formed on the surface of a porous macrophage plaque typical of stenosis arteries. Having assumed that the blood obeys the Carreau model for shear-thinning fluids, the governing equations are derived for a two-dimensional, partiallyconstricted channel representing a stenosis artery. Treating the macrophage layer as a heat source, the coupled Cauchy, Brinkman-Forchheirmer, energy, and Maxwells equations are numerically solved using the finite-volume method based on the SIMPLE and ADI algorithms. The main objective of the work is to investigate the combined effect of electromagnetic force, the physiological parameters of the blood, and the geometrical properties of the constriction on the temperature distribution along the plaque's surface. Based on the numerical results obtained in the present work, the shear-thinning behavior of the blood is predicted to play a negative role as it increases the temperature of the hot spot. A bi-directional magnetic field can lower the temperature of the hot spot (say, by roughly 0.4 °C) through suppressing vortex formation in the rear side of the plaque. The magnetic field is also shown to lower the wall shear stress distributions on the lee side of the plaque. Key Words: Atherosclerosis / Porous plaque / Macrophage / Blood / Magnetic field / Shear-thinning fluid applications. Having said this, it should be conceded that, for simplicity, in the theoretical studies carried out in the past with regard to stenosis arteries it has largely been assumed that blood is Newtonian. In addition, the plaque has been assumed to be non-porous and of uniform temperature. None of these assumptions are, strictly-speaking, valid in real situations. In the present work we intend to take into account the non-Newtonian nature of the blood. We also allow the plaque to be porous and of a non-uniform temperature. The main objective of the present work is to see if it is possible to control the temperature of hot spots on the surface of plaques using externally-imposed magnetic fields while complicating effects such as shear-thinning, porosity, and/or heat transfer are all involved in the problem. To reach its objectives, the work is organized as follows: in the next section we introduce the flow configuration. We then proceed with developing the differential equations governing the flow of blood in this particular geometry. The numerical method of solution is then described briefly. After that, numerical results are presented addressing the effect of magnetic field(s) on the plaque's surface temperature. The work is concluded by presenting a short summary of its major findings. 
MATHEMATICAL FORMULATION
where d is the maximum height of the plaque.
The flow occurring within the channel as depicted in Fig. 1 is assumed to be laminar, incompressible, and steady. And, the fluid is assumed to be an electrically-conducting, purelyviscous shear-thinning liquid flowing in the x-direction. As can be seen in Fig. 1 , the fluid is subjected to a bi-directional magnetic field with their respective strengths denoted by B x and B y in this figure. The plaque itself is assumed to be rigid but homogenously-porous (see Fig. 2 ). It is assumed that there exists a macrophage layer within the plaque itself which is actually the part responsible for producing the metabolic heat within the plaque (see Fig. 2 ). In practice, the heat generated by this layer gives rise to a temperature gradient along the plaque's surface making it vulnerable to thermal fatigue. This heat, in general, is a function of the size, location, and composition of the macrophage layer. In the present work, it is assumed that the macrophage layer is symmetrically located within the plaque so that the heat generated by it can also be assumed to be symmetric. Based on the data available for human body 9) , in our simulations, the geometrical parameters of the plaque and the macrophage layer are set at: d = 2.48 mm, L M = 3.35 mm, h = 1.24 mm, and H M = 1.00 mm.
Neglecting fluid-solid interaction, the equations governing the fluid are the continuity equation, the Cauchy equations of motion, and the energy equation; that is:
where V is the velocity vector, ρ is the density, p is the isotropic pressure, τ is the extra stress tensor, T is the Ohm's law 12) , the relation between electromagnetic force, the imposed magnetic field (B), the induced electrical field (E), and the velocity vector (V) can be written as: 
where σ is the electrical conductivity of the fluid (say, blood).
Assuming that the magnetic Reynolds number is sufficiently small, the induced magnetic and electrical fields are neglected in comparison with the other terms. Under these conditions, the magnetic force can be written as
12)
:
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The two components of F m can then be written as:
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Therefore, the magnetization work (W m ) can be obtained as:
In the present work, we assume that the working fluid (i.e., blood) is non-Newtonian. There are some experimental evidence which suggest that blood behaves as a purelyviscous shear-thinning fluid in small and medium-sized vessels. 21) For such fluids the extra stress tensor can be related to the rate-of-deformation tensor by the relationship
22)
where 2D = ∇V + (∇V) T is the deformation-rate tensor with g 4 being its norm (i.e., an effective shear rate) defined by,
In the present study, we rely on the Carreau model for representing the shear-thinning behavior of the blood. For this simple fluid model we have.
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where m is the apparent viscosity, and m 0 , m ∝ , l , n are the parameters of the Carreau model. 
23)
To account for the porous nature of the atherosclerotic plaque, we rely on the Brinkman-Forchheirmer model.
24)
Assuming that flow inside the plaque occurs under creeping conditions, we can write:
where ∇ p is the pressure gradient, j is the plaque's porosity, k is the permeability of the atherosclerotic plaque, and C F is the Forchheirmer constant defined by
For the thermal analysis, it is assumed that the metabolic heat generation of the macrophage layer is restricted to the atherosclerotic porous plaque only. The porous medium itself is composed of both solid and fluid phases. Under steady conditions, the energy equations for each phase is written
where the subscripts " s " and " f " refer to the solid and fluid sides, respectively. Also, in these equations, q 4 is the metabolic heat generated per unit volume. As mentioned above, the solid part of the macrophage layer is the only region that produces significant heat (q 4 s ). Based on available experimental data 9) the heat generated by the macxrophage ranges between 0.05 -0.2 W / mm. Now, with the assumption that the temperature of the fluid and solid are the same in the porous medium (i.e., T s = T f ), we can add up Eq. 13 with Eq. 14 in order to obtain: 
where k m is defined as, 
Continuity: 
where u r is the maximum blood velocity at the channel entrance, H is the channel's height, and T 0 is the human body temperature (which is roughly equal to 37.5 °C for a healthy person). By substituting these non-dimensional variables, and also Eqs. 6 to 10, into Eqs. 1-3, we obtain: Continuity: 
a) In the bulk flow: 
Continuity: Ha u 
b) In the porous region:
where h is the dimensionless apparent viscosity defined by: 
Also, we have: 
It needs to be mentioned that, for convenience, we have 
We also define the Nusselt number and the skin friction coefficient as: 
where q = -k (∂T/∂y) is the heat flux, T p is the plaque surface temperature, T ave is the average blood temperature along the stenosis section, and τ w is the wall shear stress. In expanded form, the wall shear stress for a Carreau fluid can be obtained
The coupled system of nonlinear partial differential equations governing the flow (i.e., Eqs. 18-24) can be solved numerically subject to the following dimensionless boundary conditions:
• At the walls: u = 0, v = 0 , T = T 0
• At the outlet: • At the plaque-blood interface, based on the principle of the conservation of energy, the temperatures obtained from Eq. 21 and Eq. 24 are set equal to each other. It is also assumed that the blood velocity in the porous region is equal to that in the bulk flow-as dictated by the continuity equation.
NUMERICAL METHOD
Due to the complexity of the PDE equations governing our thermo-fluid problem, a computer code based on the finitevolume technique has been developed. The computational domain discretization is done in a staggered grid while viscous and convective terms are estimated by central and second-order differencing upwind schemes. The numerical algorithm includes two steps: 1) it solves the velocity-pressure coupling equations (Eqs. 18-20, Eq. 22 and Eq. 23) with the pseudo-transient SIMPLE algorithm 26) , and 2) it computes the temperature distribution with Alternating-DirectionImplicit (ADI) methodology. 27) The tri-diagonal matrix in ADI procedure is solved using the Thomas algorithm.
28)
Iterations are continued until the velocity and temperature Figure 5 shows the effect of a transverse magnetic field (i.e., Ha2 = 0) on the temperature distribution along the plaque. As can be seen in this figure, the maximum temperature, which occurs at the rear side of the constriction, decreases by an increase in the strength of the imposed magnetic field. In addition, the location of its occurrence shifts slightly further downstream when the Hartmann number is increased. Figure 6 shows the effect of an axial magnetic field (i.e., Ha1 = 0) on the temperature distribution along the plaque.
RESULTS AND DISCUSSIONS
As can be seen in this figure, plaque's maximum temperature can also be lowered using this kind of magnetic field although it is less effective than the transverse case. This is not surprising realizing the fact that an axial magnetic force cannot accelerate fluid elements to such an extent that the wake behind the plaque can be completely eliminated. It is interesting to note that although this kind of magnetic field lowers the temperature of hot spots, for certain Ha2 values it may even increase the temperature at the front side of the plaque. Interestingly, the maximum shear stress is decreased when a transverse and/or combined magnetic field is involved (see of the plaque forces the heat generated by the macrophage to be confined within a small region so that thermal stresses may indeed pose a major risk. Figure 11 shows the effect of the plaque's porosity and permeability on the flow characteristics. As can be seen in this figure, by a decrease in the plaque's porosity (j) and/or its permeability (k), the magnetic field becomes less effective in lowering the plaque's surface temperature. As a matter of fact, the atherosclerotic plaque region experiences temperatures as high as 41 °C under these conditions (see Fig. 11 ). It is to be noted that by a decrease in the plaque's permeability, the Darcy number increases, and so the plaque becomes stiffer. This is because a larger vortex now occupies the distal region Fig. 9 . Effect of the magnetic field on the variations of wall skin friction coefficient over the whole domain. 11 ).
In the early stages of the atherosclerotic plaques formation, it is envisaged that an accumulation of fatty deposits has a negligible effect on the normal blood flow. By the passage of time, however, more macromolecules are piled up on top of each other occupying more than 90 % of the vessel's crosssectional area. This can dramatically affect normal blood flow. Figure 12 shows the effect of the stenosis height on the plaque's surface temperature distribution. As can be seen in this figure, for low stenosis heights (say, less than 20 %) the temperature profile is quite flat. For larger stenosis heights, however, a stronger vortex is predicted to form at the back of the plaque. This produces a cavity in the distal region that blurs the role of the external magnetic force and eliminates the convective cooling mechanism of the flowing blood.
Figures 13 shows the effect of the power-law exponent in the Carreau model, n, on the temperature distribution along the plaque. As can be seen in this figure, the effect of "n" is quite significant on the maximum temperature and also its location on the surface of the plaque. Actually, as can be seen in this figure, the maximum temperature corresponds to the most shear-thinning case of n = 0.3568, i.e., for the blood.
Interestingly, by an increase in "n" the maximum temperature decreases but it location remains virtually intact.
To explain the effect of "n" on the maximum temperature, it should be noted that "n" determines the degree of shearthinning of a Carreau fluid. To show this in better perspective, in Fig. 14 we have plotted its effect on the viscosity contours.
As can be seen in this figure, since the fluid is shear-thinning the smallest viscosity occurs above the atherosclerotic plaque near the wall, i.e., where the shear rate is the highest. This is particularly so for the most shear-thinning case, i.e., for n = 0.3568. By approaching the Newtonian behavior (i.e., by an increase in the power-law exponent, n) fluid's viscosity becomes progressively larger and larger in the stenosis region, as can be seen in Figs. 14b,c, with a subsequent effect on the temperature distribution. The fact that blood is shear-thinning means that in practice we might witness a significant rise in the temperature at the downstream side of the plaque. As previously mentioned, a transverse magnetic force delays formation of vortices in this region thus allowing the blood to attach to the surface of the plaque. As a result, the fluid can absorb more heat from the plaque, and this gives rise to a drop in the plaque's maximum temperature. Figure 15 shows the effect of the blood inlet velocity, as represented by the Reynolds number Re, on the temperature distribution along the plaque. Based on the data reported in the literature, the maximum Re is around 1000 for our arteries with its minimum being around 100. 29) As can be seen in Fig. 15 , during one cycle of heart beat, the plaque surface temperature is indeed affected by the Reynolds number. As a matter of fact, the change in temperature is predicted to be quite significant (say, from 37.6 °C to 40.7 °C) during this period. Such a severe temperature variation (experienced in less than a minute) increases the likelihood of vessel rupture due to thermal fatigue.
CONCLUDING REMARKS
Due to the high metabolic activation of the macrophage layer and the large vortices formed in the distal region of the plaques, stenosis section may experience very high temperatures (say, larger than 40 °C). A significant atherosclerotic plaque temperature variation (say, by more than 3 °C) during one heart beat cycle at the back of the plaque exposes this region to severe thermal fatigue. In this work, we have investigated the applicability of bi-directional magnetic fields in eliminating or decreasing the temperature of the plaque's hot spots through suppresing the vortex formation at the backside of the plaque. We have relied on parameter values as close as possible to the real world in our simulations although to elucidate the trends more clearly some parameters used in the present work may not be so realistic.
For example, we are aware that living tissues cannot tolerate very high magnetic fields (say, in excess of 8 Tesla
14)
). Still, to highlight the effect of the magnetic field more clearly we have exceeded this red line whenever felt necessary. Our numerical results show that at the presence of a combined axial and transverse magnetic fields, the two perpendicular forces which are generated this way can be very effective in lowering the temperature of hot spots on the surface of macrophage plaques. It is also found that, together with the porosity of the plaque and its height, the rheological parameters of the blood may have a significant effect on the temperature distribution along the plaque's surface.
